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Extracellular signal-regulated kinase (ERK) plays a central role in signal

transduction networks and cell fate decisions. Sustained ERK activation

induces cell differentiation, whereas transient ERK results in the prolifera-

tion of several types of cells. Sustained ERK activity stabilizes the proteins

of early-response gene products. However, the effect of ERK activity dura-

tion on mRNA stability is unknown. We analyzed the quantitative rela-

tionship between the duration of four ERK activity kinetics and the

mRNA expression profile in growth factor-treated cells. Time-course tran-

scriptome analysis revealed that the cells with prolonged ERK activity gen-

erally showed sustained mRNA expression of late response genes but not

early or mid genes. Selected late response genes decayed more rapidly in

the presence of a specific ERK inhibitor than a general transcription inhibi-

tor and the decay rate was not related to the number of AU-rich elements.

Our results suggest that sustained ERK activity plays an important role in

the lifespan of the mRNA encoded by late response genes, in addition to

the previously demonstrated role in protein stabilization of early-response

genes, including transcription factors regulating the transcription of mid

and late genes. This double-positive regulation of ligand-induced genes,

also termed feedforward regulation, is critical in cell fate decisions.

Introduction

Extracellular signal-regulated kinase (ERK) plays a

central role in the signal transduction networks regulat-

ing fate decisions in a variety of mammalian cells [1–3].
Ligand stimulation of the membrane receptor tyrosine

kinase leads to ERK phosphorylation and activation

in the cytosol and then the phosphorylated ERK trans-

locates into the nucleus where it activates the trans-

criptional machinery for cell growth, proliferation or

differentiation. Interestingly, differences in the duration

of ERK activity are often associated with distinct cellu-

lar phenotypes. In rat adrenal pheochromocytoma

PC12 cells, nerve growth factor (NGF) induces

sustained ERK activity for cellular differentiation,

whereas epidermal growth factor (EGF)-induced

Abbreviations

ActD, actinomycin D; ARE, AU-rich element; cDNA, complementary DNA; DAPI, 40,6-diamidino-2-phenylindole; EGF, epidermal growth

factor; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; FDR, false discovery rate; HRG, heregulin; IEG,

immediate early gene; JNK, c-Jun N-terminal kinase; MEK, mitogen-activated protein kinase kinase; NGF, nerve growth factor; qRT-PCR,

quantitative real time-PCR; TFBS, transcription factor binding sites.
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transient ERK activity elicits cell proliferation [4,5].

Similarly, in human breast cancer MCF-7 cells, stimu-

lation with an ErbB3/4 receptor ligand, heregulin

(HRG), induces prolonged ERK activity and cellular

differentiation, whereas EGF induces transient ERK

activity followed by cell proliferation [6,7]. These

experimental cell models can prove useful for a quanti-

tative understanding of biological network responses

and how this affects cell fate decisions. Previous stud-

ies using MCF-7 cells showed that sustained ERK

activation induced higher levels of mRNA expression

of immediate early genes (IEGs) than short-lived ERK

activity [6]. Prolonged ERK activity also stabilized

IEG encoded protein products, including the c-Fos

transcription factor with a DEF (i.e. a docking site for

ERK and FXFP) domain [8,9]. In this network, only

sustained ERK activity provides a feedforward AND-

gate loop to stabilize the proteins [7], whereas short-

lived ERK activity cannot form this loop. Thus, cells

with different ERK signal durations induce different

protein networks. However, it is unknown whether the

sustained ERK activity has any effect on mRNA sta-

bilization itself.

ERK signal duration is determined by several molec-

ular mechanisms. One such example is the positive and

negative feedback regulation from ERK to Raf in the

Ras–ERK cascade, which induces sustained and tran-

sient ERK activity, respectively [5]. Downregulation of

the membrane receptors can also contribute to reduc-

tion of ERK signal duration. For example, although

ligand-receptor binding constants are almost identical

for EGF-EGF receptor (EGFR) and HRG-ErbB3/4

receptor binding [10,11], downregulation and deactiva-

tion of EGFR activity is much faster than that of the

HRG-activated receptors. Rapid downregulation of

EGFR activity is caused by endocytosis and degrada-

tion of the receptor [12]. The introduction of mutations

in the multiple lysine residues within the kinase domain

of the EGFR, which are responsible for ubiquitin con-

jugation, induced sustained activation of EGFR and

ERK in response to EGF [13]. Thus, it was demon-

strated that the ubiquitination-dependent downregula-

tion of the EGFR is the major mechanism for EGF-

induced transient ERK activation. It was also sug-

gested that a mutant ubiquitination-deficient EGFR

can be used to modify and sustain the EGF-dependent

ERK activation kinetics and therefore to evaluate the

effect of ERK signal duration on post-transcriptional

regulation of mRNAs.

In the present study, we generated MCF-7 cells that

stably express the 6KR-EGFR mutant, in which the six

lysine ubiquitin binding residues are mutated, resulting

in sustained activation of ERK in response to EGF.

The EGF-evoked ERK profiles, together with the

HRG-stimulated ERK profiles in the 6KR and control

MCF-7 cells, provided a collection of four ERK tem-

poral profiles that all have the same amplitude but a

slightly different duration (Fig. 1). The time-course

analysis of genome-wide gene expression up to 8 h

after ligand stimulation revealed that the cells with pro-

longed ERK activity showed sustained mRNA expres-

sion of the late response genes but not early- to mid-

response genes. At 4 h after ligand-stimulation,

mRNAs encoded by five out of 10 late response genes

decayed more rapidly in the presence of a specific ERK

inhibitor than after actinomycin D (ActD) inhibition of

total mRNA synthesis, suggesting that prolonged ERK

activity might be responsible for mRNA stability.

mRNA stability is controlled by gene structure and

sequence [14,15] and also by a binding of mRNA stabi-

lizing and destabilizing proteins regulated by ERK [16].

The present study suggests that the cell determination

process is a collective multilayered network involving

IEG protein stabilization together with stabilization of

the late response genes mRNA, and that ERK duration

plays a significant role in the process.

Results

Ubiquitination-impaired EGFR induces sustained

ERK activity

EGF and HRG, growth factor ligands for the EGF

and ErbB3/4 receptors, induce transient and sustained

ERK activity associated with cellular proliferation and

differentiation associated with lipid accumulation of

MCF-7 cells, respectively [6]. To systematically analyze

the effect of ERK signal duration on mRNA expres-

sion dynamics and its relationship with cell fate deter-

mination, we first aimed to modify the EGF-triggered

ERK signal duration by changing EGFR activation

dynamics via impairment of ubiquitination and hence

the receptor degradation process. The EGFR possesses

a phosphorylation site at tyrosine 1045 that serves as a

binding site for the Cbl ubiquitin ligase. However,

mutation of this tyrosine is not sufficient to prevent

EGFR internalization and degradation [17,18]. On the

other hand, mutation of the six lysine residues (6KR;

K692, K713, K730, K843, K905 and K946) of the

EGFR responsible for ubiquitin conjugation was

shown to result in impaired degradation and sustained

phosphorylation of the receptor [13,19]. Therefore, we

constructed MCF-7 cell lines that stably express 6KR

EGFR (6KR) and analyzed their signaling and mRNA

expression dynamics in response to EGF and HRG

(Fig. 1).
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When compared with control MCF-7 cells (express-

ing empty vector) and the cells expressing wild-type

EGFR (E1-WT), EGFR phosphorylation in 6KR cells

was markedly elevated (Fig. 2A), and the time-course

pattern in response to EGF was sustained (Fig. 2B,C).

On the other hand, although E1-WT showed a higher

amplitude of EGFR phosphorylation than the control

cells (Fig. 2A), the stability of ERK was not altered

significantly (Fig. 2B). Phosphorylation of ERK in the

EGF-stimulated 6KR cells became sustained and was

comparable to the HRG response in 6KR and control

cells (Fig. 2B). Interestingly, the amplitude of ligand-

stimulated ERK phosphorylation was almost the same

under all conditions (Fig. 2A), although the duration

varied (Fig. 2B,C). To quantitatively evaluate the sig-

naling properties of the different cells, we calculated

the phosphorylation amplitudes of EGFR at 2 min

and ERK at 5 min, as well as the duration half-lives

of these kinase activities (for details see Materials and

methods). We could observe reasonable positive corre-

lations between EGFR and ERK for their phospho-

duration half-lives but no such trend for the ampli-

tudes (Fig. 2D).

Genes responsible for cell differentiation are

expressed at later time points

To identify genes for which expression was signal-

responsive, we next performed time-course gene

expression analysis for up to 8 h on the EGF- and

HRG-treated 6KR cells using Affymetrix microarrays

and compared this with wild-type MCF-7 cells. We

Fig. 1. Flow scheme of the study. Growth

factor-stimulated wild-type and the EGFR-

6KR (ubiquitination deficient-EGFR)-

expressing MCF-7 cells were assessed by

quantitative time-course analysis of ERK

activity and mRNA expression. The

relationship between amplitude and

duration half-life of the ERK activity and

mRNA expression of early, mid, late

response genes was analyzed.
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confirmed that the wild-type cells and control cells

expressing empty vector showed identical kinetics of

signaling and representative gene expression [6]. We

found significant expression changes [false discovery

rate (FDR) < 0.01] in 107 (117 probe sets) and 219

(273 probe sets) genes in the wild-type cells and 112

(131 probe sets) and 131 (162 probe sets) genes in the

6KR cells after EGF- or HRG-treatment, respectively

(Fig. 3A). Cluster analysis of these genes showed that,

in wild-type cells, the EGF and HRG response gene

profiles become significantly different after approxi-

mately 1.5 h, whereas, in the 6KR cells, their

Fig. 2. Phosphorylation of EGFR and ERK in control, wild-type EGFR (E1-WT) or 6KR-EGFR (6KR) expressing MCF-7 cells in response to

EGF and HRG stimulation. (A) Levels of EGFR phosphorylation (at 2 min) (left) and ERK phosphorylation (at 5 min) (right) in the three cell

lines. C, control, no stimuli; E, EGF; H, HRG). (B) Time-course phosphorylation of EGFR and ERK for up to 2 h of ligand EGF (left) and HRG

(right)-stimulated cells. Time-course cell lysates of control MCF-7 cells and E1-WT or 6KR cells were loaded side by side. Representative

images for two independent experiments are shown. (C) Time-course graphic representation of the data in (B). Black lines, control cells;

grey lines, E1-WT or 6KR cells. (D) Quantitative relationship between EGFR and ERK phosphorylation. Amplitudes of EGFR and ERK

phosphorylation obtained from (A) were plotted (left). Duration half-lives of phosphorylation were calculated from the phosphorylation time-

course (B), as described in the Materials and methods, and then plotted (right). Colored circles show the corresponding cells and conditions.

Average values of two independent experiments are shown.
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Fig. 3. Transcriptome analysis of EGF or HRG-stimulated wild-type and 6KR MCF-7 cells. (A) Genes whose expression levels at the

measured time points (0.5, 1, 1.5, 2, 3,4, 6 and 8 h) were significantly changed (FDR < 0.01) from the nonstimulated cells (0 time point)

were extracted with RANKPROD. The sum of genes at all time points is shown. Probe set number (left) and gene number (right). (B) Cluster

dendrogram of the above genes (FDR < 0.01) for wild-type (left) and 6KR cells (right). Distance: 1 – correlation coefficient, Clustering

method; average linkage, approximate unbiased (AU) values (%) are shown. A larger AU value indicates stronger support of the cluster by

data. (C) Time-course change in Pearson’s correlation coefficient for each cell and condition. (D) Cell differentiation after growth factor-

stimulation of wild-type and 6KR MCF-7 cells analyzed by BODIPY staining.
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responses remained in a single cluster throughout this

period (Fig. 3B). The time-course trajectory of Pear-

son’s correlation coefficients confirmed a moderate

correlation between 6KR and wild-type cells at basal

level (~ 0.73), a high correlation coefficient (> 0.9)

between EGF- and HRG-6KR cells (Fig. 3C), and a

constant correlation between 6KR-EGF and WT-

HRG or 6KR-HRG and WT-HRG cells. Lipid stain-

ing showed that, unlike the wild-type cells, the EGF-

treated 6KR cells acquired the ability to accumulate

lipid droplets, a sign of MCF-7 cell differentiation, as

seen in the HRG-treated wild-type and 6KR cells

(Fig. 3D). These analyses showed that the EGF-stimu-

lated 6KR cells are similar to the HRG-stimulated

wild-type cells in terms of ERK signal duration, gene

expression signatures and cellular phenotype. The

results also indicated that the dynamics of those cellu-

lar events might be strongly related, implying that the

duration of ERK signaling activity, and not the ligand

type, is a strong determinant of gene expression and

cell fate decisions. We examined the upstream tran-

scription factor binding sites (TFBS) located up to

2 kbp upstream of transcription start sites predicted

from public databases for the above genes (see Materi-

als and methods). This analysis suggested that genes

regulated at the different time points are marked by a

variable number of regulatory sites, although the four

cell conditions share many common transcription fac-

tors at the early time points (light colors, each color

represents each cell and condition) but fewer later on

(dark colors) (Fig. 4A). Particularly, in WT-EGF cells,

a condition under which cell differentiation is not

observed, the mid to late genes showed TFBS combi-

nations distinct from other cell conditions, whereas the

early TFBS were rather common. This analysis sug-

gested that the genes responsible for differentiation

might be expressed at later rather than early time

points.

ERK duration and late mRNA duration are

correlated

We next attempted to uncover a quantitative relation-

ship between signaling dynamics and upregulated gene

expression dynamics. We conventionally classified the

genes into early (expression peak appears within

~ 1.5 h), mid (~ 2–4 h) and late (> 4 h) groups using a

clustering method (Fig. 4B and Table S1). The mean

expression mRNA amplitudes were in a similar range

under all cell conditions (Fig. 4C). On the other hand,

the mean mRNA duration half-lives of early- and mid-

response genes were relatively similar for all condi-

tions, whereas mRNA duration half-lives of the late

genes varied and showed a moderate correlation with

the duration half-lives of ERK and EGFR phospho-

proteins (Fig. 4D,E).

The mRNA expression profiles clearly showed that

early response genes had transient patterns for all cell

conditions, whereas the mid-to-late response genes

showed more diverse patterns (Fig. 5A). Molecular net-

work and gene ontology analysis using the STRING

database [20] suggested an interconnected molecular

regulatory network of transcription factors ATF3, FOS,

FOSB, JUN and JUNB in the early gene groups

(Fig. 5B), which is consistent with the molecular func-

tion enrichment analysis for RNA polymerase II-depen-

dent transcription (Table 1). The early and mid genes

were enriched for negative regulators of signal transduc-

tion pathways. On the other hand, the late genes group

was enriched with genes encoding signaling proteins, as

well as positive regulators of cell migration and motility

(Fig. 5C,D). These late genes formed a network center-

ing on EGFR (Fig. 5D) and showed enriched function

within the MAPK cascade (Table 1). In the EGF-WT

cells, all of these late genes (five out of five genes)

[CDC42EP3 (Cdc42 effector protein 3), EGFR, F2RL1

(protease-activated receptor 2, PAR-2), SOX9 (tran-

scription factor, Sox9) and TNFRSF21 (tumor necrosis

factor receptor-related death receptor 6)] had multiple

AU-rich element (ARE) motifs in their 30 UTR

(Table S1), the presence of which accelerates mRNA

degradation [14,21]. Unexpectedly, the same genes

showed relatively sustained mRNA expression patterns

under other cell conditions where ERK activity was

prolonged (Fig. 5A). We analyzed the relationship

between the ARE ATTTA motif numbers and the

mRNA half-lives of early, mid and the late genes in

each cell type and under each condition (Fig. 5E–H).

The results indicated that early genes generally have a

short mRNA half-life, even if they do not have many

ARE motifs (Fig. 5E–G). Mid and late genes with more

ARE motifs had shorter mRNA half-lives (Fig. 5E–H).

However, the mRNA stability of late genes without

ARE still showed considerable variability (Fig. 5F).

The data suggested that the mRNA duration of ligand

response genes is not determined by the presence of

ARE.

Sustained cytosolic ERK activity is responsible

for the stability of mRNA encoded by late

response genes

Late genes demonstrating long lasting expression pat-

terns might be constantly transcribed in an ERK-

dependent manner. Alternatively, ERK might regulate

the mRNA degradation process. To clarify what
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determines the prolonged mRNA presence, we com-

pared the mRNA decay (decay half-life) of these genes

under control conditions and after cell perturbations.

We applied ActD (a DNA-dependent RNA synthesis

inhibitor that blocks activity of RNA polymerase) or

U0126 [a mitogen-activated protein kinase kinase

(MEK) inhibitor] after 4 h of ligand stimulation. We

used 5 lg�mL�1 ActD, which is sufficient to inhibit

RNA synthesis in mammalian cells [22]. We selected

10 late response genes {[CDC42EP3, DUSP6 (MAP

kinase phosphatase 3), EGFR, FABP5 (fatty acid-bind-

ing protein 5), ITGA6 (integrin a-6), LAMC2 (laminin

gamma 2), PDLIM7 (PDZ and LIM domain 7),

PRKCA (protein kinase C, a), SFN (stratifin, 14-3-3

sigma), SPHK1 (sphingosine kinase 1), ZYX (zyxin)]

and a mid-to-late gene, FHL2 (LIM domain protein

DRAL)} in the EGFR interaction network for analy-

sis (Fig. 5D). We selected these genes because they

showed a significant change in expression levels in

response to growth factor stimulation and also had a

relatively abundant gene expression level under the

basal (without stimuli) condition; thus, we could detect
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Fig. 4. Prediction of transcription factor binding sites and mRNA expression dynamics. (A) TFBS in growth factor-regulated genes

(FDR < 0.01) were predicted, as described in the Materials and methods, and shown in a heatmap. Each cell type and condition is colored
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line represents their average. (C) Average mRNA expression amplitude of early, mid and late genes in WT-EGF (green), WT-HRG (purple),

6KR EGF (blue) and 6KR HRG (red). (D) Average mRNA expression half-life (h) of early, mid and late genes for each cell type and condition.

Error bars denote the SD of the gene numbers shown in (B). (E) Graphic representation of the relationship between EGFR (top) and ERK

(bottom) duration half-lives of phosphorylation (x-axis) and late gene mRNA duration half-lives (y-axis). Only average values are shown in the
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small changes in mRNA levels caused by the small

molecule inhibitors.

Overall, mRNA stability of CDC42EP3 and DUSP6

was very sensitive to these inhibitors and showed rapid

decay (Table 2 and Fig. S1). On the other hand,

FABP5, FHL2 and ZYX were relatively resistant to

the inhibitor treatment. However, close examination of

mRNA duration showed that there are ligand- and

cell-dependent preferences for inhibitor-mediated

mRNA decay. For example, DUSP6 mRNA decayed

more rapidly in the presence of U0126 than with ActD

treatment in EGF-WT and 6KR cells. FHL2 mRNA

levels were not significantly changed by those inhibi-

tors but showed slightly more rapid decay in the pres-

ence of U0126 in EGF-WT and 6KR. PDLIM7 and

SFN mRNA was more sensitive to U0126 in 6KR but

showed no significant differences in wild-type cells. On

the other hand, EGFR and PRKCA mRNA rapidly

decayed in all ActD-treated cells.

Although there is a significant gene-to-gene varia-

tion, DUSP6, FHL2, PDLIM7, SFN and XYZ showed

more rapid mRNA decay after addition of the MEK

inhibitor than after ActD treatment (Table 2 and

Fig. S1), implying that their mRNA decay rates are

more sensitive to ERK-dependent mRNA stabilization

than transcription. To confirm that the ERK-depen-

dent prolonged mRNA profile is a result of mRNA

stabilization in the cytosol and not ERK-controlled

transcription in the nucleus, we carried out immuno-

staining to quantify the localization of phosphorylated

ERK. The cytoplasmic ERK phosphorylation

remained relatively high in HRG-treated cells and

EGF-stimulated 6KR cells after 4 h (Fig. 6A, left),

which is consistent with the results of western blot

analysis (Fig. 2B,C). On the other hand, the phosphor-

ylated nuclear ERK levels returned to the basal level

(equivalent to the values at 0 time point) after 4 h of

ligand stimulation in the EGF- and HRG-treated wild-

type cells and 6KR cells (Fig. 6), suggesting that no

(or at least minimal) transcription, is regulated by

ERK at this time point. These results, together with

the mRNA duration profiles of late genes (Fig. 5A)

and the mRNA decay rate (Table 2), suggest that the

mRNA stability of late expressing genes is likely con-

trolled by cytosolic ERK activity.

Discussion

Although ERK is a well-known regulator of gene

transcription, it can also control mRNA stability.

Transcripts of genes such as dusp1/MKP-1 [23],

dusp6/MKP-3 [24], VEGF [25], COX-2 [26], FAK [27]

and p21 [28] have shown prolonged mRNA expres-

sion in the presence of active ERK in different types

of cells [16]. The stabilization of these mRNAs was

regulated at the 30 UTR by the RNA stabilizing pro-

tein HUR/ELAVL1 [23,28] and destabilizing proteins

tristetraprolin (TTP/ZFP36)[24,25], PUM2 [24] or

ARE/poly(U)-binding factor 1 (AUF1) [26] in an

ERK-dependent manner. However, those studies did

not examine the quantitative relationship between

dynamics of ERK activity and its target mRNA

expression. The duration of ERK activity is indeed

important for mammalian cell fate determination.

Numerous studies have demonstrated the molecular

mechanisms and regulatory logic that shape distinct

ERK dynamics in the signaling network [4,5,7]. How-

ever, it remained unclear whether ERK signal dura-

tion had any effect on genome-wide mRNA

expression dynamics.

In the present study, we focused on ligand-stimu-

lated ERK signaling and subsequent gene expression

and assessed the quantitative relationship between

ERK activity and its target mRNA expression. Our

analysis showed that sustained ERK activity was asso-

ciated with prolonged mRNA expression of late

response genes that peaked after 4 h but not with early

or mid response genes. In addition, although whole

cell ERK activity was sustained, nuclear ERK activity

was transient, disappearing within 4 h. This is consid-

ered to be a result of the activity of newly synthesized

DUSPs (ERK phosphatases) localized in the nucleus

[7,29–31]. Thus, the overall picture indicated that tran-

sient nuclear ERK activity contributes to the initiation

of mRNA transcription, whereas prolonged cytosolic

ERK activity contributes to the mRNA stabilization

encoded by late response genes.

Interestingly, mRNA stability and the function of

the protein encoded by the mRNA appears to be

closely related to cellular function. For example,

gene expression dynamics studies using tumor necrosis

Fig. 5. Network and functional analysis of early, mid and late genes. (A) Representative mRNA expression patterns of early, mid and late

genes. (B–D) Early, mid and late group genes in each cell condition were added together for each time group and analyzed using the

STRING database for molecular interactions (for annotation of each symbol, see: http://string-db.org/). The numbered genes show mRNA

expression profiles of the time-course microarray in (A); WT-EGF (green), WT-HRG (purple), 6KR EGF (blue) and 6KR HRG (red). CDC42EP3,

FHL2 and ZYX were selected as mid or late response genes in a condition-dependent manner. (E–H) Relationship between the number of

ARE motifs (ATTTA) and mRNA expression duration half-life in WT-EGF (E), WT-HRG (F), 6KR-EGF (G) and 6KR-HRG (H) cells. Early (blue),

mid (green) and late (red) genes are shown.
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factor-a-treated 3T3 fibroblasts showed that late

genes (peaking at 12 h) containing fewer AREs have

a higher mRNA stability than the early (0.5 h) and

mid (2 h) genes and that the function of these late

response genes is related to inflammation, the typical

response to this ligand [32]. In addition, a study

using mouse fibroblasts, human B cells and differen-

tiating mouse embryonic stem cells provided further

evidence suggesting that short-lived mRNAs are

enriched for transcriptional regulation and signal

Table 1. Molecular function enrichment analysis of early, mid and late genes. Analysis was performed using the STRING database. Gene

ontology biological processes of the top 15 enriched functions are shown (P-value, without correction). MAP, mitogen-activated protein;

MAPK, mitogen-activated protein kinase.

Term Number of genes P-value (not corrected)

Early responsive genes

Negative regulation of cellular process 26 4.63 9 10�11

Regulation of transcription from RNA polymerase II promoter 18 1.04 9 10�10

Negative regulation of biological process 26 3.07 9 10�10

Blood vessel development 12 3.45 9 10�10

Vasculature development 12 5.96 9 10�10

Tissue development 17 9.74 9 10�10

Anatomical structure formation involved in morphogenesis 14 1.28 9 10�9

Regulation of signaling 21 1.57 9 10�9

Transcription from RNA polymerase II promoter 12 1.79 9 10�9

Response to organic substance 20 4.72 9 10�9

Cardiovascular system development 13 6.15 9 10�9

Circulatory system development 13 6.15 9 10�9

Negative regulation of macromolecule metabolic process 17 9.27 9 10�9

Blood vessel morphogenesis 10 1.08 9 10�8

Negative regulation of cellular macromolecule biosynthetic process 14 2.22 9 10�8

Mid responsive genes

Negative regulation of intracellular protein kinase cascade 5 2.30 9 10�6

Negative regulation of response to stimulus 9 3.96 9 10�6

Negative regulation of signal transduction 8 7.80 9 10�6

Negative regulation of MAPK cascade 4 9.98 9 10�6

Negative regulation of signaling 8 1.34 9 10�5

Negative regulation of cell communication 8 1.42 9 10�5

Regulation of MAPK cascade 6 1.97 9 10�5

Regulation of intracellular protein kinase cascade 7 5.86 9 10�5

Regulation of signaling 12 6.43 9 10�5

Regulation of signal transduction 11 8.99 9 10�5

Tissue development 9 1.17 9 10�4

Regulation of cell communication 10 1.60 9 10�4

Endoderm development 3 1.73 9 10�4

Negative regulation of MAP kinase activity 3 1.83 9 10�4

Regulation of response to stimulus 12 2.69 9 10�4

Late responsive genes

MAPK cascade 7 2.12 9 10�6

Protein deamination 2 1.10 9 10�5

Negative regulation of immune system process 6 1.19 9 10�5

Epidermis development 7 1.22 9 10�5

Regulation of anatomical structure morphogenesis 9 2.83 9 10�5

Cell surface receptor signaling pathway 17 3.09 9 10�5

Positive regulation of norepinephrine secretion 2 3.31 9 10�5

Regulation of immune system process 11 3.51 9 10�5

Positive regulation of cell migration 6 4.28 9 10�5

Cell migration 9 4.39 9 10�5

Positive regulation of cell motility 6 4.66 9 10�5

Positive regulation of locomotion 6 5.52 9 10�5

Positive regulation of multicellular organismal process 8 5.76 9 10�5

Regulation of body fluid levels 9 5.82 9 10�5

Positive regulation of cellular component movement 6 5.83 9 10�5
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transduction genes, whereas long-lived mRNA is

enriched for cellular respiration, energy metabolism,

translation, etc. [33,34]. These studies indicate that

mRNAs encoding transcriptional regulatory proteins

generally have short half-lives, whereas mRNAs

related to cellular differentiation tend to have a slow

decay. Consistent with these findings, we also found

that early to mid response genes in MCF-7 cells

with short half-lives are enriched in functions related

to transcriptional regulation and negative regulation

of signal transduction, whereas delayed expressing

genes, for which the mRNAs are supposed to be

stabilized, are enriched for the positive regulation of

development, cell migration, locomotion, morphogen-

esis and the positive regulation of signaling pathways

(Fig. 5 and Table 1). Consequently, these late

response genes might help promote differentiation of

MCF-7 cells.

Table 2. qRT-PCR analysis to determine the mRNA decay half-life of representative late response genes. The cells were stimulated with

growth factor ligands (EGF or HRG) for 4 h, and then ActD (mRNA synthesis inhibitor) or U0126 (MEK inhibitor). The mRNA decay rate

(decay half-life) was derived as described in the Materials and methods. The data are the mean � SD. NA, not applicable. The shortest

duration of ligand/inhibitor combination in each cell type is shown in bold.

Gene

Cell

type Ligand

mRNA decay half-life (h)

mRNA stability

Number of ‘ATTTA’

motifLigand only Ligand + ActD Ligand + U0126

CDC42EP3 WT EGF 8.58 � 0.82 1.22 � 0.2 1.62 � 0.27 ERK and transcription equally-

dependent

6

HRG 3.13 � 0.05 1.26 � 0.12 1.25 � 0.16

6KR EGF 4.55 � 0.4 1.37 � 0.07 1.38 � 0.06

HRG 5.04 � 0.13 1.72 � 0.02 1.55 � 0.04

DUSP6 WT EGF NA 2.31 � 0.17 1.44 � 0.07 More ERK-dependent 1

HRG 4.91 � 0.91 1.02 � 0.05 1.05 � 0.21

6KR EGF 2.81 � 0.14 1.21 � 0.01 1.07 � 0.34

HRG 4.83 � 0.06 1.73 � 0.13 0.9 � 0.13

EGFR WT EGF > 20 4.97 � 0.06 16.5 � 6.09 More transcription-dependent 9

HRG 16.31 � 0.35 6.99 � 0.08 7.76 � 0.1

6KR EGF > 20 3.74 � 0.1 16.98 � 1.63

HRG NA 4.24 � 0.02 > 20

FABP5 WT EGF NA > 20 NA Neither 0

HRG NA NA NA

6KR EGF NA NA NA

HRG 0.69 � 0 0.69 � 0 0.69 � 0

FHL2 WT EGF 4.37 � 0.12 3.17 � 0.01 3.5 � 0.14 More ERK-dependent 6

HRG 4.3 � 0.17 2.29 � 0.08 2.19 � 0.02

6KR EGF 2.13 � 0.1 1.77 � 0.06 1.73 � 0.03

HRG 2.56 � 0 2.32 � 0.1 1.96 � 0.05

PDLIM7 WT EGF > 20 6.54 � 0.34 6.01 � 0.69 More ERK-dependent 0

HRG > 20 8.23 � 0.01 5.37 � 0.1

6KR EGF > 20 16.11 � 0.46 5.01 � 0.03

HRG NA N.A 15.16 � 3.55

PRKCA WT EGF NA 10.21 � 2.81 NA More transcription-dependent 7

HRG NA 4.06 � 0.21 NA

6KR EGF NA NA NA

HRG NA > 20 NA

SFN WT EGF NA 10.16 � 0.29 6.31 � 0.27 More ERK-dependent 0

HRG 6.18 � 0.96 6.18 � 0.91 4.63 � 1.32

6KR EGF 6.42 � 0.5 7.55 � 0.1 3.36 � 0.12

HRG 17.37 � 4.27 > 20 7.72 � 1.07

SPHK1 WT EGF > 20 3.9 � 0.51 4.77 � 0.14 More transcription-dependent 0

HRG > 20 2.76 � 0.88 7.18 � 2.86

6KR EGF 11.63 � 15.47 3.47 � 3.93 4.48 � 5.35

HRG 6.02 � 7.54 3.58 � 4.09 6.87 � 8.74

ZYX WT EGF 7.34 � 1.24 4.47 � 0.41 5.55 � 1.4 More ERK-dependent 0

HRG 7.87 � 2.06 8.29 � 3.87 6.6 � 2.54

6KR EGF 4.13 � 0.69 4.7 � 0.78 3.09 � 0.66

HRG 2.57 � 2.65 3.55 � 4.04 2.45 � 2.49
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In addition, further evidence suggests that kinase

activity plays an important role in prolonged subse-

quent mRNA expression for cell differentiation. IL-2

mRNA, a cytokine responsible for cell differentiation

in T cell activation, represents one such example

[35]. IL-2 mRNA contains several AREs in the

30 UTR and has a short half-life in resting T cells;

however, IL-2 mRNA expression is prolonged upon

T-cell activation but only when upstream c-Jun N-

terminal kinase (JNK) is activated [36]. Togther with

the results of the present study, this suggests that,

although there are differences in species of kinases

in each signaling network, kinases such as ERK and

JNK activate corresponding transcription factors and

also stabilize newly synthesized mRNAs. Thus,

mRNA stability might be determined by the inter-

play between the kinase and the target mRNAs,

where only sustained kinase activity forms a feedfor-

ward loop able to stabilize mRNAs and prolong

their expression. The findings of the present study

and those of earlier studies suggest that sustained

cytosolic ERK activity might control both post-

translational regulation of IEG products (c-fos,

dusp1, etc.) and post-transcriptional regulation

(mRNA stability) of the late expression genes

(Fig. 7).

Fig. 6. Time-course analysis of phospho-

ERK localization at the single cell level. (A)

Quantification of phospho-ERK in cytosol

(left) and nuclear/whole cell ratio (right) of

wild-type (upper) and 6KR (bottom) cells

up to 8 h after ligand stimulation. At each

time point, 1200–2000 cells were analyzed

and average values were obtained. The

bar denotes the SD. EGF (blue) and HRG

(red). Arrow indicates the 4-h time point.

(B) Representative images of phospho-

ERK immunostaining (top) and DAPI

staining (middle) for each condition.
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Overall, the present study using the ERK signaling

system shows that signaling dynamics and mRNA

dynamics are closely related, and that signal duration,

rather than its amplitude, is important for mRNA sta-

bility and cell determination.

Materials and methods

Cell culture and treatment

MCF-7 cells were maintained in DMEM medium (Gibco

BRL, Gaithersburg, MD, USA) supplemented with 10%

FBS. Prior to growth hormone treatment, the cells were

serum-starved for 16–24 h, and then EGF (PeproTech

House, London, UK) or HRG-b 176-246 was added for

further analysis. After incubation with the growth factors

for the indicated time, the cells were washed twice with

PBS. In the case of inhibitor assays, cells are treated with

500 nM of U0126 (Calbiochem, San Diego, CA, USA) or

5 lg�mL�1 of actinomycin D (Wako Pure Chemical Indus-

tries, Tokyo, Japan) for the indicated times. Cells were then

lysed with Bio-Plex lysis buffer (Bio-Rad Laboratories,

Hercules, CA, USA) for western blot analysis. Cells were

lysed with RNA lysis buffer (Nucleo Spin RNA II; Mache-

rey-Nagel GmBH & Co., D€uren, Germany) for quantitative

real time-PCR (qRT-PCR).

Construction of plasmids and stable cell lines

A human wild-type EGFR expression plasmid (pCMV-

E1wt) was constructed. The coding sequence of EGFR (a

gift from Dr S. Yokoyama, RIKEN) [37] was amplified by

PCR. The PCR product was introduced into an EcoRV-

XbaI restriction site in the pCMV-Neo-6 vector (OriGene,

Rockville, MD, USA). A plasmid containing the EGFR-

6KR mutant was constructed as described previously [13].

With the plasmid as a template, an EGFR-6KR gene was

cloned into pCMV-Neo-6 vector using the same primers

indicated in the pCMV-E1wt section. The resulting plasmid

was named pCMV-E1-6KR. MCF-7 cell lines over-express-

ing receptors were established by transfecting with either

the plasmids reported above or the pCMV-Neo-6 vector as

a control cell line. Stable receptor clones containing those

plasmids were selected and maintained by treating with

200 lg�mL�1 G418. For selection of the clones, EGFR

expression and phosphorylation of EGFR and ERK in

response to growth factor stimulation were examined by

western blotting.

Immunoblotting

Cell lysates was cleared by centrifugation and the protein

concentration of the supernatant was determined using a

DC protein assay reagent (Bio-Rad Laboratories). Levels

of phosphorylated and total proteins were analyzed by wes-

tern blotting. For western blot analysis, anti-phospho-

EGFR (pY1068), anti-ERK (p44/42 MAP kinase) and anti-

phospho-ERK (Thr202/Tyr204) were purchased from Cell

Signaling Technology, Inc. (Beverly, MA, USA). Anti-

EGFR antibody was purchased from Fitzgerald Industries

(North Acton, MA, USA). The protein band intensities

were quantified using a densitometer (Fuji Film Corp.,

Tokyo, Japan or ImageQuant LAS4000; GE Healthcare,

Milwaukee, WI, USA). In all of the reported results, error

bars denote the SE for at least two independent experi-

ments.

Microarray analysis

The gene expression analysis was performed with the wild-

type and 6KR MCF-7 cells treated with 10 nM EGF or

Fig. 7. Model for multiple regulation of mRNA and protein

stabilities mediated by sustained ERK activity. Membrane receptor-

dependent ERK activation induces its translocation to the nucleus

and activation of transcription factors for the expression of early,

mid and late genes. Early response gene (ERG) products, whose

encoding genes have DEF (i.e. a docking site for ERK and FXFP)

domain, are stabilized by sustained ERK activity in the cytosol. The

present study showed that the prolonged cytosolic ERK activity

also stabilizes the late response mRNAs. In both cases, the

sustained ERK activity comprises feedforward AND-gate loops,

where the duration of ERK activity is critical for late genes and cell

fate decisions.
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HRG for 0.5, 1, 1.5, 2, 3, 4, 6 and 8 h. Total RNA was

isolated using Trizol reagent (Invitrogen, Carlsbad, CA,

USA) and then purified using the RNeasy Mini kit (Qia-

gen, Valencia, CA, USA). RNA quality was assessed using

a Bioanalyzer (Agilent Technologies, Santa Clara, CA,

USA). First- and second-strand complementary DNA

(cDNA) synthesis, biotin-labeled cRNA synthesis, fragmen-

tation of cRNA and hybridization reactions were per-

formed using a one cycle cDNA synthesis kit (Affymetrix,

Santa Clara, CA, USA). GeneChip (Affymetrix U133A 2.0

chip for parental MCF-7 and U133 Plus 2.0 chip for 6KR)

experiments were carried out in accordance with the manu-

facturer’s instructions (two chips per every time point).

Scanned images were processed by RMA implemented as a

justRMA function in the AFFY package to determine gene

expression levels. To compare two different chips, 22 000

probe sets commonly found in both the U133 Plus 2.0 and

U133A2 chip were used in the subsequent analyses. Micro-

array data used in the present study was deposited in GEO

(Gene Expression Omnibus) database (GSE13009 for

parental MCF-7 cells and GSE57547 for 6KR cells). Genes

for which the expression levels were altered relative to the

nontreated cells after growth factor treatment were

extracted using RANKPROD (FDR < 0.01). Time- and ligand-

dependent expression profiles of differentially expressed

genes were analyzed by hierarchical clustering using PVC-

LUST (clustering method: average linkage, distance: 1 – cor-

relation coefficient). Gene expression time courses were

then analyzed by hierarchical clustering. Before cluster

analysis, expression profiles of selected genes were scaled so

that the mean and SD were equal to 0 and 1, respectively.

TFBS enrichment analysis and pathway analysis

ENOCDE transcription factor ChIP-Seq datasets in the

UCSC Genome Browser database and REFSEQ were used

to extract the TFBS located up to 2 kbp upstream of tran-

scription start site. Then, enrichment of TFBS in differen-

tially expressed genes was analyzed by Fisher’ exact test

followed by multiple hypothesis testing correction by the

FDR method. Condition-dependent TF usage was investi-

gated by TFBS enrichment analysis. Enrichment score s,

which is defined as s = 1 � FDR, was calculated and hier-

archical clustering was performed.

Network analysis and ARE prediction

Network and gene ontology annotation of genes was per-

formed using the STRING, database version 9.1 (http://

string-db.org/) [20]. The presence of ARE was predicted

using the AREsite database (http://rna.tbi.univie.ac.at/cgi-

bin/AREsite.cgi), which integrates a prediction based on the

accessibility and evolutionary conservation of the ARE sites

and experimentally validated target genes that are known to

bind the ARE-binding proteins TTP, HuR and Auf1 [38].

qRT-PCR

For cDNA synthesis, 500 ng of total RNA was reverse

transcribed using the PrimeScript RT reagent Kit (Takara

Corp., Otsu, Japan). cDNA equivalent to 5 ng of total

RNA was used for all the PCR reactions. All the PCR

reactions were performed using SYBR Premix Ex Taq

(Takara Corp.) in a Thermal Cycler Dice Real Time Sys-

tem TP800 (TaKaRa). qRT-PCR was performed in dupli-

cate for each sample using default two-step amplification

procedures in accordance with the manufacturer’s

instructions. The standard curve method was used to

determine the relative quantity of mRNA. All qRT-PCR

data were normalized to GAPDH expression. PCR prim-

ers (PCReady primer) were purchased from Operon Bio-

technology (Tokyo, Japan) and are described in

Table S2.

Determination of mRNA and phospho-protein

duration and decay half-life rates

The half-life of mRNA or phospho-protein expression was

calculated according to the methods used in previous stud-

ies [34,39].

We assumed a first-order decay of mRNA in the scheme:

d½mRNA�=dt ¼ �k½mRNA�t ð1Þ

½mRNA� ¼ ae�kt ð2Þ

where the mRNA level [mRNA] is decreased with a decay

constant k. Because we calculate the decay from the peak

time point, t_peak, we therefore off-set:

½mRNA� ¼ aef�kðt�t peakÞg ð3Þ

where a is the initial value of mRNA.

Measured mRNA data was fitted with Eqn (3) using the

least squares method, and k and a were estimated using the

generalized reduced gradient method in EXCEL (Microsoft

Corp, Redmond, WA, USA). mRNA half-life was calcu-

lated from the obtained k value using:

t1=2 ¼ ln 2=k ¼ 0:693=k ð4Þ

Calculated duration half-life values of more than 20 h

were approximated as > 20 h for further analyses.

Measurement of single cell ERK activity

Cells were seeded at a density of 8 9 103 cells�well�1 of a

96-well plate. Prior to growth factor treatment, the cells

were serum-starved for 16 h and then EGF was added.

After a certain period, the cells were fixed with 3% parafor-

maldehyde/PBS for 30 min, permeabilized with 0.5% triton

X-100/PBS for 5 min and blocked with 10% FBS/Blocking
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ONE solution (Nacalai Tesque, Kyoto, Japan) for 1 h.

Next, the cells were immunostained using anti-phospho-

ERK (Thr202/Tyr204) antibody (#4370; Cell Signaling

Technology, Beverly, MA, USA) and cell nuclei were

stained with 40,6-diamidino-2-phenylindole (DAPI). Immu-

nostained images and bright field images were photo-

graphed using In Cell Analyzer 2000 (GE Healthcare). Cell

areas were automatically determined from bright field

images, nuclear areas were determined from DAPI images

and, finally, phospho-ERK intensities of each cell and

nuclear region were calculated for at least 1200 cells in each

condition. These image analyses were carried out using

DEVELOPER TOOLBOX software (GE Healthcare).

MCF-7 cell differentiation assay

Cells were seeded at a density of 3 9 104 cells�well�1 of a

96-well plate and treated with growth hormone for

14 days with media changes every 2–3 days. For staining

of accumulated lipid droplets, the cells were fixed with

4% neutralized formaldehyde in PBS and stained with an

adipocyte fluorescence staining kit consisting of BODIPY

(boron-dipyrromethene; a class of fluorescent dyes) and

nuclear staining (Primary Cell Co., Ltd., Hokkaido,

Japan) in accordance with the manufacturer’s instructions.

The cells were observed and photographed with a TCS-

SPE microscope (Leica, Heidelberg, Germany). For quan-

titative analysis, the intensity of fluorescence was mea-

sured with a microflorescence reader; lipid droplets were

detected at D493 and nuclear staining at D461. The ratio of

D493/D461 was taken as the differentiation indicator for

each cell line.
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